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A coupled system of a superconducting transmission line resonator with a semiconductor double
quantum dot is analyzed. We simulate the phase shift of the microwave signal in the resonator,
which is sensitive to the quantum dot qubit state and manipulation. The measurement quality is
sufficiently high and the results demonstrate a solid-state quantum processor based on this type of
circuit can be envisioned.
PACS numbers: 03.67.-a,73.63.Kv
The interaction between light and matter has been a
major focus of research in atomic physics and quantum
optics for a long time [1]. There were many significant
advances in the realization of quantum phenomena in ma-
nipulating atoms and photons to demonstrate elementary
aspects of quantum physics[2–5]. The most fundamen-
tal form of this kind of interaction is that a single pho-
ton interacts with a single atom. With the generation
of cavity quantum electrodynamics, coherent quantum
Rabi oscillations between the atom and the cavity has
been experimentally observed using Rydberg atoms in
microwave cavities [4, 6] and alkali atoms in optical cav-
ities [7]. Developments have been made in replacing the
natural atoms with artificial two-level systems in solid-
state systems, such as the superconducting quantum bits
(qubits) [8–10]. Recently, a semiconductor double quan-
tum dot (DQD) coupled with electromagnetic field of a
superconducting microwave resonator has been experi-
mentally realized [11–13]. Especially, the observed dis-
tinct vacuum Rabi splitting indicates that a strong cou-
pling exists in this system [12]. By introducing the archi-
tecture of circuit quantum electrodynamics (cQED), this
semiconductor-superconductor hybrid system shows the
advantage of scalability to coherently couple qubits and
resonators on one chip compared to other systems. Fur-
thermore, the coupled system has been applied to spin
dynamics[13]. These works have paved a way for fast
quantum information processing in semiconductor struc-
tures, which would be rather useful in quantum comput-
ing and quantum communication. Here we demonstrate
how to probe the DQD state and manipulation using the
superconducting transmission line resonator, exploiting
the potential of the resonator as ’quantum detector’ of
the qubit.
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FIG. 1. The GaAs/AlGaAs semiconductor double quantum
dot is coupled to the superconducting transmission line res-
onator via capacitive coupling, and a continuous microwave
is induced to the transmission line from the left side.
The schematic diagram of the capacitive coupled sys-
tem of GaAs/AlGaAs semiconductor DQD and supercon-
ducting transmission line resonator, is shown in Fig. 1.
Jaynes-Cummings Hamiltonian can be used to describe
the whole system under the rotating-wave approximation
[11]:
Hˆ0 =
~Ω
2
σˆz + ~ω0(aˆ
†aˆ+
1
2
) + ~g(σˆ+aˆ+ σˆ−aˆ
†),
Ω =
√
ε2 + 4t2
(1)
Here σˆz , σˆ+, σˆ− are the Pauli operators in the basis of
| ↑〉 (qubit excited state) and | ↓〉 (qubit ground state) of
the DQD, a and a† are the annihilation and creation op-
erators of the photon in the resonator respectively, and
ω0 is the bare frequency of the resonator. ε is the de-
tuning energy between the charge qubit states, t is the
inter-dot tunneling rate, and g is the coupling strength
between the DQD and the resonator.
Currently research on this system focuses on the dis-
persive region [11, 13]. To realize probing the DQD state
using the superconducting transmission line, we can sim-
ulate the time-evolution of the density matrix of the cou-
pled system, with the transmission line imposed by a
continuous microwave field. We use the standard master-
equation method with a Markovian approximation [11]:
dρ
dt
=
i
~
[ρ, Hˆ0]−
κ
2
(aˆ†aˆρ− 2aˆρaˆ† + ρaˆ†aˆ)
−
γl
2
(σˆ−σˆ+ρ− 2σˆ−ρσˆ+ + ρσˆ−σˆ+)
−
γφ
2
(ρ− σˆzρσˆz + ρ)
(2)
Here ρ is the density matrix of the coupled system, κ
is the decay rate of the resonator, γl is the energy re-
laxation rate, γφ is the dephasing rate, ω0 is the fre-
quency of the resonator. When the DQD is near the
2inter-dot charge transitions (ε = 0), the energy of the
DQD is close the microwave field energy, allowing a more
effective photon exchange between the DQD and the mi-
crowave field. The strengthened exchange results in a
phase shift of the microwave imposed in the transmission
line. To calculate the phase shift under various circum-
stances of the coupled system, we use φ = arg(i 〈aˆ〉) as
the phase response [14, 15]. In the Shro¨dinger picture,
we could easily extract the phase shift of the microwave
after we simulate the time-evolution of the density ma-
trix of the coupled system. Especially, we have the phase
shift △φ = −arctan(2g2/κ∆) when ∆ > g.
In Fig. 2, the numerical simulation of phase shift △φ
of the microwave is plotted as a function of ε and 2t of
the DQD, with 2t/~ ranging from 0 to 20 GHz and ε/~
ranging from −20 to 20 GHz. Here we use the realis-
tic parameters in the experiments as ω0/2pi = 6.2 GHz,
κ/2pi = 3.1 MHz, γl = 66.7 MHz, γφ = 0 MHz [11–13].
Sign change of the DQD-transmission line detuning, ∆
at different value of ε introduces the sign change of △φ.
Along the 2t axis at a fixed ε, there is a sharp incre-
ment of △φ from negative to positive near 2t/~ = 6.2
GHz, which could be clearly observed in the 3D plot of
phase shift distribution in the ε − 2t plane. From this
picture, we can conclude that the DQD spectroscopy can
be efficiently probed by the coupled transmission line res-
onator.
FIG. 2. The phase shift △φ of the microwave is depicted as
the function of ε and 2t. In the ε − 2t plane, the density of
isolines when 2t/~ is near 6.2 GHz is much bigger than other
part of the plane, illustrating the sharp increment of △φ.
We can also probe the manipulation process of the
semiconductor DQD by reading out the phase shift of the
microwave. In this scheme, an operation pulse is applied
to the DQD as illustrated in Fig. 3a [16]. The DQD ini-
tially stays at its charge state |R〉. Due to the employed
short pulse, the DQD will be driven to the charge degen-
eracy point nonadiabatically. Since |R〉 is no longer an
eigenstate, the DQD starts to evolve during the pulse du-
ration time tp. When the pulse is terminated, the DQD
stays in the superposition of |R〉 and |L〉 states. After the
manipulation pulse is applied to the DQD, the energy re-
laxation of the qubit exists and we conduct continuous
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FIG. 3. (a) Schematic of the charge qubit energy level di-
agram with a short rectangle driven pulse. (b) The phase
shift △φ of the microwave resonator is depicted as a func-
tion of measurement time t and pulse length tp. The photon
number in the resonator is 3.8. A clear qubit Rabi oscillation
pattern with little deviation is obtained in the phase shift do-
main. (c)When the photon in the resonator is 0.6, the less
frequency modes would increase the disturbing effect on the
original manipulation frequecy, which induces a lager devia-
tion from perfect Rabi oscillation pattern.
3monition of the resulted phase shift of the resonator.
In Fig. 3b and 3c, we plot the phase shift△φ as a func-
tion of measurement time t and pulse length tp with dif-
ferent amplitudes of the induced microwave. Here we use
the realistic parameters as ω0/2pi = 6.2 GHz, κ/2pi = 1
MHz, γl = 20 MHz, γφ = 200 MHz [11–13]. In Fig. 3b,
the steady photon number in the resonator is 3.8, we can
see that when apply a short rectangle pulse to manip-
ulate the DQD, we can obtain a clear periodical Rabi
oscillation pattern of the phase shift. Before the pulse is
applied, the phase shift has a minimum value which is
approximately 0 corresponding to the initial state of the
qubit. When tp = 0.1 ns, we have the maximum phase
shift of −2.4 deg, and this is because the qubit has been
pulled to its superposed state due to the induced pulse.
On the contrary, when tp = 0.3 ns, no phase shift is ob-
served since the qubit remains its initial state under the
pulse. Also the phase shift response to the tp = 0.1 ns
pulse is almost the same with that to the tp = 0.6 ns
pulse, and this is due to that the time scale of Rabi oscil-
lation is much shorter than the energy relaxation time of
the qubit. Additionally, since the qubit would decay from
its excited state to the ground state exponentially with
the relaxation time T1 = 1/γ, the phase shift would also
decay as the measurement time t extends, and it is ob-
servable that after t = 0.7 µs, hardly we can monitor any
phase shift even though a pulse is applied on the qubit.
Also, we could obviously sense the phenomenon that the
phase shift Rabi oscillation pattern is not perfectly pe-
riodic. The reason lies in that our manipulation pulse
length is small thus the disturbance from other frequency
modes besides the manipulation frequency is comparably
notable, which results in the deviation from periodicity.
The deviation is more serious in Fig. 3c where the steady
photon number in the resonator is 0.6, which means the
frequency modes in the system is less than that in Fig.
3b. The mix of more modes would decrease the disturb-
ing effect, so it is not hard for us to understand the pe-
riodicity is worse in Fig. 3c. Overall, we have achieved
probing the DQD manipulation by monitoring the phase
shift of the microwave resonator.
In conclusion, we have comprehensively analyzed and
simulated the phase shift in microwave transmission line,
which could help us probe the state of the DQD. Addi-
tionally, by monitoring the phase shift of the microwave
transmitted in the line, we could probe our operation on
the DQD. Our work paves a way to possible applications
using the resonator as the highly efficient detector which
would be attractive to the further quantum information
processing.
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